Abstract: People loss is one of the most important information that the government concerns after an earthquake, because it a ects appropriate rescue levels. However, existing evaluation methods often consider an entire stricken region as a whole assessment area but disregard the spatial disparity of in uencing factors. As a consequence, results are inaccurately evaluated. In order to address this problem, this paper proposes a post-earthquake evaluation approach of people loss based on the seismic multi-level hybrid grid (SMHG). In SMHG, the whole area is divided into grids at di erent levels with various sizes. In this manner, the e ciency of data management is improved. With SMHG, disaster statistics can be easily counted under both the administrative unit and per unit area. The proposed approach was then applied to investigate Yushu Ms7.1 earthquake in China. Results revealed that the number of deaths varied with di erent exposure grids. Among all the di erent grids, we found that using the 50×50 exposure grid can get the most satisfactory results, and the estimated number of deaths was 2,203, with an 18.3% deviation from the actual loss. People loss results obtained through the proposed approach were more accurate than those obtained through traditional GIS-based methods.
Introduction
Frequently occurring massive earthquakes have caused severe losses, especially human casualties [1] . For example, Wenchuan earthquake (Ms8.0) in China in 2008 caused 69,142 death tolls, Haiti earthquake (Ms7.3) in 2010 resulted in approximately 222,500 death tolls, east Japan earthquake (Mw9.0) in 2011 yielded 15,884 death tolls, Nepal earthquake (Ms8.1) in 2015 reached 8,219 death tolls. In order to reduce losses caused by an earthquake, a quick and accurate post disaster emergency rescue is becoming more and more important. It would be very helpful for this rescue if an estimation of the impending catastrophe could be made on the basis of one of the recent earthquake prediction tools [2] [3] [4] [5] . The rescue decision-making should be more e ective with more detailed information about the earthquake, however, it is almost impossible to obtain comprehensive disaster information only within the rst 1 to 2 hours after an earthquake [6] . In practice, as an alternative, descriptive earthquake parameters, such as earthquake magnitude and peak ground acceleration, are often used as input to estimate possible losses and to provide emergency disaster information for rescue decisionmaking.
Earthquake disasters cause losses, including humans, buildings, and economics. Among all these losses, human casualties maybe the most important factor for the government to determine the corresponding post-disaster emergency rescue strategies. For example, di erent levels of people loss correspond to di erent responses and rescue levels based on Chinese Earthquake Emergency Response Plan [7] . Therefore, the number of human casualties must be estimated rapidly and accurately within 2 hours after an earthquake to develop and implement appropriate earthquake emergency responses and rescue strategies [6] .
Various approaches have been proposed to evaluate post-earthquake people loss. These approaches can be generally categorized into two classes, namely, empirical model-based approach and the building vulnerabilitybased approach. In the former, an empirical formula is established to determine the number of deaths by subjecting historical seismic data to regression analysis [8] . This approach requires low amounts of input data, including magnitude and intensity, which are suitable for rapid evaluation after an earthquake. However, this model is usually established on a global or national scale because of limited historical data on strong earthquakes [9] . Inaccurate evaluation results are also obtained when a global or national empirical model is used in a certain region. By comparison, building vulnerability-based approach is another extensively used method to assess people losses because 75% of deaths come from building damages [10] . In this approach, buildings and building damages are generally classi ed into several types, and destructive probability matrices (DPM) are used to present the destructive probability of various buildings at di erent seismic intensities. Based on DPM, the number of deaths under di erent building damages can be calculated. This approach is often constructed by using the geographic information system (GIS) technology [11] [12] [13] [14] .
The GIS-based evaluation methods usually use the administrative unit-based exposure data, which regard an entire administrative area as the stricken region. However, due to a large land territory of administrative units, such as in China, it is a common situation that only a component of administrative regions is a ected in one earthquake event. Therefore, an erroneous evaluation result may be obtained and inappropriate rescue decisions may be implemented when exposure data of an entire administrative area is used [15] . For example, Qinchuan county was not provided with an appropriate rescue level after Wenchuan earthquake occurred in China. One of reason for this problem is that the disaster exposure data, such as population and buildings, were extracted on the basis of administrative units and detailed local information was inappropriately considered.
In order to overcome the above problem, the spatial information grid based (SIG-based) approach has been applied to assess seismic disasters. With a high-precision grid, the e ciency of seismic damage assessment can be improved [15] . In existing SIG-based methods, an entire disaster region is divided into several grid units, which exhibit same shapes and sizes, and seismic intensity and exposure information are assumed to be evenly distributed within a grid unit. However, one grid unit may contain several di erent countries, and the intensity values within a grid may vary. Moreover, existing SIG-based methods generate evaluation results in a grid unit, which is inconvenient for disaster management and post-earthquake rescue in administrative units.
In current evaluation methods, seismic intensity and exposure data are often assumed to be evenly distributed within an administrative unit or a grid unit. However, they do not consider the spatial disparity of in uencing factors, which is critical to the evaluation. In order to consider the spatial heterogeneity of seismic intensity and exposure data, this paper proposes a seismic multi-level hybrid grid (SMHG) approach for people loss evaluation. In the proposed SMHG, a whole area is divided into grids at di erent levels with varying sizes. Di erent people loss related data are stored in di erent levels of the grids to improve data management e ciency. Specially, a hybrid grid, which is generated by overlaying the isoseismal map, county administrative unit-based map and a regular grid format map, is introduced to SMHG. With the proposed hybrid grid, both the uneven distribution of spatial data in an entire region and the heterogeneity of internal information in a grid unit can be considered. On the basis of SMHG, we aimed to establish a novel scienti c and reasonable approach for the acquisition, intelligent storage, integrated management, and statistical analysis of earthquake spatial data and for the timely and accurate evaluation of post-earthquake people loss.
Methodology . Seismic Isoseismal Map
Seismic intensity is one of the most important in uencing factors for earthquake casualties. In general, more casualties are produced in a high intensity region than in a low intensity region. The values of regional intensity often decrease as the distance from the epicenter increases, and the relationship between distance and intensity can be expressed by using a seismic isoseismal map. A seismic isoseismal map is a continuous planar intensity map that illustrates the spatial distribution of a seismic intensity eld [15] . Seismic intensity at any point in a disaster area can be obtained from the seismic isoseismal map, which is considered a hazard map used to depict the seismic eld of in uence of the earthquake.
Obtaining an actual seismic isoseismal map requires a long time and cannot meet the time acquirement of rapid post-disaster rescue. Therefore, a theoretical seismic isoseismal map is used as a substitute map. If the hypocenter is assumed as a point source model, an elliptic attenuation model can be used to simulate seismic intensity attenuation [16] . A typical elliptic attenuation model is represented as follows:
where Ia and I b represent the average impact intensity along the major and minor axis directions of the ellipse, respectively. M is the magnitude. a , a , and a are parameters of the major axis direction of the ellipse. Ra is the epicentral distance along the major axis directions of the ellipse. Roa is the near-eld saturation factor along the major axis directions of the ellipse. The direction angle of the major axis is another parameter necessary to generate a seismic isoseismal map. In general, the rupture direction of a fault zone is the direction angle of the major axis [16] . The fault zone that induced an earthquake can be obtained by locating the earthquake epicenter position on a fault zone distribution map. In this study, the nationwide fault zone distribution map of China is stored in the SMHG geodatabase. Thus, we can quickly locate the position of an earthquake's epicenter on this map and use the nearest fault zone direction as the fault rupture direction of the earthquake.
. Post-Earthquake Evaluation of People Loss
In an earthquake, deaths and injuries are related not only to seismic intensity and magnitude but also to other in uencing factors, such as population density and building vulnerability. Ideally, considering all in uencing factors for every earthquake will get a more accurate evaluation result. However, only several of the most important in uencing factors are commonly used in practical evaluation models of people loss because numerous in uencing factors can greatly reduce the e ciency and universality of models, and it is impossible to gather enough information of all in uencing factors for every earthquake. In this paper, besides several extensively used in uencing factors, time and population density are also used as additional x factors in the evaluation model of people loss. The number of deaths (ND) and the number of injuries (SD) are calculated as follows [17] :
where f t is the time x factor; fp is the population density x factor; Mp is the total number of the population in the calculation area. M l is the proportion factor value, which is generally between 3 and 5 according to the relationship between SD and ND [18] . RD is the people death ratio and is calculated as follows [17] :
where RB is the ratio of the area of severely damaged and completely destroyed buildings to the total area of all buildings. The building vulnerability-based evaluation method, which is extensively used to evaluate building damage, is used in this study to calculate RB. The building damage area S is determined as follows [19] :
where m is the type of buildings. j is the damage level of buildings. I is the seismic intensity. T(m) is the construction area of the m type building. λ(m,j|I) is the building damage ratio of the m type building at the j damage level andI intensity, which is a kind of destructive probability matrices (DPM). S(m,j|I) is the building damage area of the m type building at thejdamage level and I intensity. Whenj is the severe damage level, the area of severe damage can be calculated on the basis of Eq. (5). The area of complete damage can also be determined using Eq. (5). The DPM [referring to λ(m,j|I)] is a relevant parameter to estimate people loss caused by an earthquake. In general, a statistical method based on past earthquake disaster data is extensively used to obtain the building damage ratio. For example, Huang et al. [20] utilized the statistical earthquake loss data of Wenchuan earthquake in 2008 and the achievements of earthquake loss estimation results from Fujian Province during the 9th, 10th, and 11th 5-year-plan periods in China to obtain the building damage ratio. Yin et al. [21] analyzed the relationship among building reactance, building type, seismic intensity, and building damage ratio on basis of the historical seismic damage data of thousands of buildings. They then established DPM.
In this study, DPM was obtained from Yin [21] , which spatially included the whole Chinese mainland area. In Table 1, an example showing parts of the DPM for the A-type 
building and the B-type building is used for illustration. In Yin's method, the type of buildings (m) is classi ed as reinforced concrete structure (A), brick structure (B), lime mortar structure (C), and adobe/stone structure (D). The damage level of buildings (j) is categorized as basic intact (B i ), slight damage (S l ), moderate damage (M d ), severe damage (S d ), and complete damage (C d ). Seismic intensity (I) in DPM ranges from VI to X because the damage caused by an earthquake with a seismic intensity of less than VI is low and thus not considered in the evaluation, although the seismic intensity ranges from I to XII based on the Seismic Intensity Scale of China [15] . Moreover, an earthquake of a seismic intensity XII has not been recorded in China. Therefore, the column values of the DPM range from VI to X [21] , as shown in Table 1 . With DPM, the building damage ratio can be easily obtained for every damaging earthquake occurring in mainland China. For example, when an A-type building is struck by an earthquake of seismic intensity VI, the damage ratio for "basic intact" is 88%.
Earthquakes occurring at night often cause a more serious damage than those happening at daytime because most people are sound asleep at night; as such, their escape consciousness is weak. Therefore, considering time factor in an evaluation model can improve evaluation results. Previous research results showed that, the di erence in death ratio between earthquakes occurring at night and at daytime likely decreases when intensity increases [17] . In this study, daytime is set at 6:00 to 18:00, and nighttime is set at 18:00 to the next 6:00. Supposing the value of f t in the daytime is 1, values of f t at night are displayed in the Table 2 [17] . However, dividing one day into daytime and nighttime is too absolute. For example, some people are already awake and engaged in outdoor activities if an earthquake occurs at 7:00; however, other people are still in bed. As such, whether 7:00 is daytime or nighttime is difcult to determine. Therefore, 6:00-8:00 and 17:00-19:00 are de ned as the critical time and the corresponding values of f t at critical time are displayed in the Earthquakes occurring in high population density areas likely cause more deaths than those happening in low population density areas. The population density x factor fp is used to incorporate this kind of information into the evaluation model. The values of fp are obtained on the basis of the National Population Census in 2010 [22] . Different population density ranges and their corresponding fpare shown in Table 3 .
. Seismic Multi-Level Hybrid Grid
In the evaluation models of people loss, di erent types of data, such as fundamental geographical earthquake thematic data and evaluation model parameters, should be used. A relevant information management platform should also be constructed because earthquakes occur dynamically in time and space, and relative data are spatially heterogeneous and complex. Spatial information grid (SIG) is an e ective approach to organize and dispose spatial data in a grid unit in a distributed network environment. SIG has been applied to various disaster assessment models; with this approach, result accuracy can be improved by considering the spatial disparity of disaster exposure data [23] . Generally, SIG can be categorized into two types, namely, irregular grid and regular grid. An irregular grid comprises arbitrary polygons with di erent sizes and shapes, whereas a regular grid is a series of polygons with the same sizes and speci cations.
An irregular grid is often based on an administrative unit [24] ; as such, relevant administrative departments can conveniently manage disasters and establish rescue Regular grid tries to use grids with the same sizes to manage the disaster exposure data. Regular grid-based methods can represent the spatial heterogeneity of earthquake disaster data to a certain extent; however, the internal information of a grid unit is assumed to be evenly distributed, and di erent intensity regions are often wrongly combined into one grid unit. For example, Fig. 1(a) is a grid unit of a regular grid format map, and the intensity of the whole grid is set as VII. However, a spatial heterogeneity is found in the grid [ Fig. 1(b) ] by overlaying the seismic isoseismal map, the county administrative unit-based map, and the regular grid format map. Although Fig. 1(a) and Fig. 1(b) cover the same area, in Fig. 1(b) , this area is divided into three parts. The intensity of part C is VI. Although part A and B have the same intensity value of VII, they belong to di erent counties and possess di erent exposure data. Therefore, simply regarding the whole gird as an intensity VII region with the same exposure data is inaccurate in some cases.
The use of either regular grid or irregular grid cannot fully express the spatial characteristics of various disaster data. To address this problem, this paper proposes a novel hybrid grid-based method. The grid units in Fig. 1(b) are actually an example of a hybrid grid. In Fig. 1(b) , the uneven distribution of spatial data in a whole region and the heterogeneity of internal information in a grid unit are considered in a hybrid grid. Using the hybrid grid, disaster statistics can be easily be counted in the administrative unit and the per unit area. To improve data management e ciency, the multi-level hybrid grid is used. In an SMHG, a whole area is divided into grids at di erent levels with various sizes. Fig.1 (b) , the yellow line is the seismic isoseismal line and the red line is the boundary of the county.
In this research, an SMHG platform is established for the post-earthquake evaluation of people loss in mainland China. The level of SMHG is very signi cant because it can a ect data storage e ciency and evaluation result accuracy [25] . To ensure that the level division of SMHG is in accordance with the distribution characteristics of earthquake data and the requirements of people loss evaluation, the SMHG is categorized into three levels, namely, regional grid, provincial grid and exposure grid. (1) Regional grid
As the rst level of SMHG, the regional grid aims to divide mainland China into several components. Each component is a regional grid unit covering several provinces, which have similar values of people loss related factors. For example, small earthquakes generally occur near the Jiulingshan fault zone in Hunan, Hubei, and Henan provinces in central China, and the values of DPM are the same. Therefore, separately storing the rupture direction of the fault zone and the DPM of the three provinces consumes a large storage space and time. In SMHG, these three provinces are integrated into one regional grid. Among various ways used for earthquake regional division in China, the division proposed by Deng [26] is selected in our study. In this approach, mainland China is divided into seven regional grids, namely, Dongbei, Xinjiang, Ganqingning, Yunchuanzang, Huabei, Huazhong, and Southeast Coast.
(2) Provincial grid Provincial grid is the second level of SMHG. Each provincial grid unit covers one province in China. The second level grid is divided because the similarity of the internal elements of the regional grid unit is relative and incomplete. For example, an elliptic attenuation model used in di erent provinces often provides di erent parameters. Therefore, it is unsuitable to store these parameters in a regional grid unit. In China, each province is equipped with a PEA, which is a specialized research institution for earthquakes. Each PEA has established a specialized elliptic attenuation model on the basis of its natural and social characteristics. (3) Exposure grid Exposure grid, which is a kind of hybrid grid, is the third level of SMHG. This level aims to provide exposure data, such as population data and building data, necessary to evaluate people loss. The provincial grid is unsuitable for exposure data storage because a strong earthquake often spreads in several provinces. However, some counties of an a ected province do not su er from earthquakes. In order to generate an exposure grid format map, the disaster-a ected area is rstly gridded with a regular grid. Then, the regular grid format map is overlaid with a county administrative unit-based map to generate the exposure grid format map. A regular grid format map comprises n×n grids, which indicate that the whole area is divided into n rows and n columns, where n is an integer. In this study, this map is referred to as n×n regular grid format map. Accordingly, the exposure grid format map generated from the n×n regular grid format map is called n×n exposure grid format map. Using di erent n, we can generate di erent kinds of regular and exposure grid maps. The exposure grid map can express the exposure data more accurately when the value of n is higher, however, the evaluation process needs more time.
. Post-Earthquake Evaluation of People Loss Based on SMHG
In SMHG, people loss related data are hierarchically stored and managed in di erent grid levels. Evaluation is closely connected to this hierarchical grid system. The technical route of SMHG-based post-earthquake evaluation of people loss is shown in Fig. 2 . The maps used in this evaluation approach can be divided into three categories: hazard map, exposure map, and impact map. A hazard map shows the distribution of disasters caused by an earthquake. An exposure map is used to store exposure data, such as population density and building data. An impact map is utilized to provide the evaluation results of people loss. The entire evaluation process can be divided into four stages. In the rst stage, an earthquake database is established and an exposure map is developed in a grid format. The post-earthquake evaluation of people loss covers different types of data, including fundamental geographical earthquake data, rupture direction of the fault zone, evaluation model parameters, population data and building data. These data are hierarchically stored in SMHG.
In the second stage, a hazard map is generated based on the intensity attenuation model. To generate a hazard map, magnitude, epicenter intensity, direction angle of the major axis and parameters of the elliptic attenuation model are needed. In general, the magnitude, epicenter intensity, and location information of the epicenter are published by China Earthquake Administration (CEA) within a few minutes after an earthquake occurs. According to the location information, the epicenter can be located in the regional and provincial grid format maps to obtain the direction angle of the major axis and the parameters of the elliptic attenuation model. Based on the preliminary data, the hazard map can be generated according to the intensity attenuation model.
In the third stage, the exposure data of populations and buildings in di erent seismic intensity zones are obtained. The exposure data of populations and buildings in di erent seismic intensity zonings can be obtained by overlaying the hazard and exposure maps. These data are the preliminary data for the evaluation under di erent intensity zonings.
In the fourth stage, people loss is calculated and an impact map is generated. RB is calculated on the basis of the DPM database and the building damage evaluation model. People loss in di erent regions and damage levels can then be calculated by using the evaluation model of people loss and the preliminary exposure data. The im-pact map is then obtained, and the evaluation result can be presented in various ways, such as tables and rendering maps.
Case Study . Study Area
On April 14, 2010, Ms 7.1 earthquake occurred in Yushu County, Qinghai Province in northwest China. Yushu earthquake caused frequent aftershocks and severe secondary disasters. This catastrophe is also considered a typical earthquake in China. Therefore, Yushu earthquake is chosen in this study to illustrate the proposed evaluation approach. The epicenter intensity of this earthquake was IX, according to the data released by the CEA. The epicenter is located at 33.1°N and 96.6°E.
. Data Preparation
Two key stages are involved in the determination of people loss by using the proposed evaluation model. In the rst stage, a theoretical isoseismal map is generated by using preliminary data, such as magnitude, epicenter intensity, elliptic attenuation model parameters, and direction angle of the major axis. In general, magnitude and epicenter intensity are published by CEA within a few minutes after an earthquake. Elliptic attenuation model parameters were stored in the provincial grid. The direction angle of the major axis can be obtained on the basis of the rupture direction of the fault zone. The detailed steps are presented in Section 3.3.
In the second stage, people loss is calculated. RB and exposure data are essential for the evaluation model (Section 2.2). The building damage ratio obtained from the DPM database can be used to calculate RB. The exposure data of an earthquake include construction area of di erent types of buildings and population data. The total construction area of buildings is calculated by the population data and the average per capita living space, where the population data obtained from China statistical yearbook for regional economy in 2010 [27] and the average per capita living space was 21.33 square meters per person according to the 6th census data. The proportion of the four types of buildings should be identi ed to obtain the construction area. In this study, the proportion of the four types of buildings is based on the mini-census data of 2005 (Table 4) [28] . 
. Hazard Map Generation Based on SMHG
The elliptic attenuation model parameters and the direction angle of the major axis are two key preliminary data to generate a hazard map. The parameters of the elliptic attenuation model are initially obtained from the provincial grid. The elliptic attenuation model is obtained from the Qinghai provincial grid because the epicenter of Yushu earthquake is located in Qinghai:
Afterward, the direction angle of the major axis is determined. Yushu earthquake occurred near the Ganzi-Yushu fault zone, where the rupture direction is NW-SE. Therefore, the direction angle of the major axis is 135°. On the basis of the elliptic attenuation model of Yushu earthquake and the direction angle, the theoretical seismic isoseismal map (hazard map) can be produced, and the result is shown in Fig. 3(a) . Fig. 3 (b) shows the seismic isoseismal map produced on the basis of eld investigations and published by the government several months after Yushu earthquake. It is noticed that Fig. 3(a) and Fig. 3(b) not only exhibit similar shapes but also cover similar areas. In addition, both contain eight a ected counties, namely, Yushu, Zhiduo, Chengduo, Qumalai, Shiqu, Zaduo, Nangqian, and Shengda. A highly accurate theoretical seismic isoseismal map provides a good foundation for the evaluation of people loss. 
. Impact Map Generation and Result Analysis Based on SMHG . . Impact Map and People Loss Estimation Result
An impact map illustrates evaluation results and shows the people loss in di erent regions and various damage levels. A hazard map and an exposure map are necessary to create an impact map. The hazard map can be obtained by using the elliptic attenuation model described in Section 3.3. For the exposure map, an n×n regular grid format map that covers the same area with the hazard map is initially created. Afterward, the n×n exposure grid format map is generated by overlaying the n×n regular grid format map and the county administrative unit-based map. By using the hazard map and the exposure map as input, an overlaying process map, which has the exposure data of populations and buildings in di erent seismic intensity zones, is generated through doing a spatial intersect analysis. ND and SD are then calculated on the basis of the exposure data of populations and buildings, the postearthquake evaluation model of people loss, and DPM. Thus, the impact map is generated. Using the impact map, people loss statistics can be counted in all of the grid units. Fig. 4 illustrates two impact maps produced on the basis of RD and ND by using the 50×50 exposure grid in Yushu earthquake. In general, RD and ND are higher in the higher-intensity region than in the lower-intensity region (Fig. 4) . This nding indicates that more deaths are recorded in the higher-intensity region than in the lower-intensity region, because earthquake is more destructive in the former than in the latter.
However, in the highest intensity region of Fig. 4(a) , the death ratio in the epicenter is not the highest because this parameter is also related to building type, building area and other in uencing factors. In several lowerintensity regions, such as Qumalai, RD is almost equal to zero because the number of deaths is extremely low. To obtain the RD for each grid, the extremely low ND is divided by the total number of the population; as a result, a low RD is obtained. By contrast, the impact map produced on the basis of ND can clearly express the spatial distribution of death number in grid unit [ Fig. 4(b) ]. In Fig. 4(b) , ND in a higher-intensity region is not always larger than that in a lower-intensity region because the exposure grid is not the regular grids with the same sizes. Grids near the boundary between seismic isoseismal zones and the boundary between counties are often divided into several sub-grids. The total number of the population of a sub-grid is low because the area coverage of a sub-grid is much less than that of a grid, and ND is depend on RD and the total number of the population. Thus, a low ND is obtained in the sub-grid.
Overall, the rendering map produced on the basis of RD and ND expresses the severity of human loss and the number of the human loss after an earthquake, respectively. An evaluation based on these two aspects can provide a more comprehensive and reasonable result. Moreover, the number of deaths and spatial distribution are displayed in the impact map in a grid unit, which can provide more speci c and accurate data supporting the deployment of rescue materials and relief workers.
Deaths and injuries can also be easily counted in an administrative unit except the statistics in a grid unit. The attribute table of the impact map provides detailed people loss information. Thus, this information can be used to calculate the number of deaths and injuries in di erent counties (Table 5 ). It is noticed that the largest number of deaths and injuries is recorded in Yushu County. In particular, the number of deaths in Yushu county is 1,985, which is several hundred times larger than that in other counties, such as Zhiduo, Qumalai and Zaduo. The main reason for this is that Yushu County covers four seismic intensity regions, particularly containing intensity IX and VIII regions, which are not covered in other counties. The hazard map reveals that almost the entire territory of Yushu is located in the destructive seismic intensity region. As such, the largest number of deaths and injuries is obtained in Yushu.
By contrast, Zhiduo and Chengduo counties cover intensity VII and VI regions. The number of deaths in Chengduo is 110, which is the second largest number of deaths. However, deaths and injuries are relatively low in Zhiduo, because only a very small component of this county is found in the intensity VII region, and its total number of the population is small. The number of deaths in Qumalai, Shiqu, Zaduo, Nangqian, and Shengda was low because the components of the area are located in the intensity VI region in these counties. These areas are also located in regions below intensity VI, which have no damage to be considered. In the evaluation model of people loss, the number of injuries is a multiple of the number of deaths. Therefore, the characteristics of SD are the same as those of ND.
. . Results Comparison and Analysis
The deaths and injuries in ve di erent kinds of exposure grids and the time consumed by grid generating and evaluation are compared to analyze the accuracy and speed of the evaluation results of people loss. The processing environment is the Intel(R) Core(TM) i5-3470, CPU@3.20 GHz, 4.00 GB RAM, Windows 7 Pro32-Bit with SP1 on a PC. Table 6 shows the comparison of the evaluation results with di erent precisions of exposure grids.
The evaluation results and time consumed are di erent in various exposure grids. When the number of grids increases, both the grid generating time consumed and the evaluation time consumed are increased. The di erence in the grid generating time consumed is not too large. Generating a 2×2 grid format map takes 6 seconds, but generating a 50×50 grid format map takes 8 seconds. The evaluation time consumed with di erent grids is considerably di erent. The evaluation based on the 2×2 exposure grid only takes 3 seconds. However, the evaluation based on the 100×100 exposure grid takes 149 seconds.
For all grids, the deviation between the theoretical number of deaths and the actual number of deaths is less than 30%, which is within the error range of the earthquake disaster evaluation speci ed by CEA. However, the deviation between the theoretical number of deaths and the actual number of deaths decreases as the number of exposure grids increases. In the 50×50 exposure grid, the deviation between the theoretical number of deaths and the actual number of deaths is 18.3%. In the 2×2 exposure grid, the deviation between the theoretical number of deaths and the actual number of deaths is 22.9%. That is because as the number of grid increases, the grid can express the spatial heterogeneity of exposure data more clearly. However, the evaluation result based on the 100×100 exposure grid is the same as the 50×50 exposure grid because the precision of the exposure data and the evaluation model of people loss are limited. Although the number of grids increases to 100×100, the evaluation results remain unchanged. Overall, from the running e ciency and the results, the evaluation based on the 50×50 exposure grid yields the most satisfactory results, and the estimated number of deaths caused by Yushu earthquake is 2,203.
SD follows the same patterns of change as ND. It is noticed that, based on the 50×50 exposure grid, the deviation between the theoretical number of injuries and the actual number of injuries is 27.4%, which is higher than the deviation in the number of deaths. This di erence is obtained possibly because the multiple of SD and ND ranges from 3 to 5. In this study, the multiple is set at 4. However, the majority of the building types of Yushu earthquake are C-type and D-type, which easily collapse in earthquakes. Therefore, a more appropriate multiple is 4.5.
The proposed approach is compared with previous approaches to evaluate the accuracy of people loss assessment. Xu et al. [28] used the GIS and the building vulnerability-based approach to evaluate the people loss in Yushu earthquake. They found that approximately 30,000 lives were threatened and thousands of people died. Wu et al. [29] obtained a quantitative evaluation result on the basis of administrative unit-based exposure data and found that deviation between the theoretical loss and the actual loss is 23.3%. By contrast, we obtain an 18.3% deviation between the theoretical loss and the actual loss by using the 50×50 exposure grid. What is more, the evaluation result can be calculated and displayed both in grid unit and in administrative unit. Overall, the experimental results show that the SMHG-based approach is more accurate than the GIS-based approach because the former can more accurately calculate the number of people losses. Our adaptable statistical mechanisms also provide a bene cial basis for rescue-related decision making. 
. Discussions
The SMHG-based approach proposed in this study can obtain a satisfactory result for the rapid post-earthquake evaluation of human loss. In general, the evaluation result is better as the number of grids increases. However, it is noticed that the evaluation results remain unchanged when the number of grids is high, and the nal evaluation result is di erent from the actual value. This is mainly because the following two reasons: First, the exposure data used in this study are obtained from the China statistical yearbook for the regional economy. However, these data are based on a county level and thus are not highly precise. Second, the evaluation model of people loss is a national uni ed model, which is relatively simple and slightly precise, although it is extensively used in China.
High-precision data and ne-grained models are necessary to improve the accuracy of evaluation results. The exposure data used in this study consider the spatial disparity by increasing the number of the exposure grid. This approach can improve the accuracy of the result to a certain extent. However, the data of the exposure grid obtained from the county administrative unit-based map are at a county level. In this situation, increasing the number of the exposure grid is insu cient. Thus, detailed data from administrative departments below a county level are essential. Moreover, updating the data timely and using the latest survey data are also an e ective way to improve the data precision.
In this study, ne-grained elliptic attenuation models are used to generate hazard maps, and di erent provinces employ di erent elliptic attenuation models. Bene ting from this, the theoretical seismic isoseismal map is highly similar to the actual hazard map. Given tting the people loss evaluation model needs lots of historical seismic data, at present, there is no special evaluation model for people loss in every PEA. Therefore, a national uni ed model was used in this study. In future studies, special evaluation models for people loss should be established in data-rich areas, in which evaluation results are expected to be more accurate. The SMHG-based system contains an interface to facilitate the users to add appropriate models, and the interface is convenient for the addition of more appropriate models in the future.
The SMHG-based system is universal and expandable. This system can be easily applied to other regions with similar or di erent earthquakes. Exposure data, DPM, evaluation model, and evaluation processing are universal in mainland China. Therefore, for a new earthquake, it can rapidly get the value of magnitude, epicenter intensity and location information of the epicenter from CEA. Then, based on the method in Section 2, the hazard map can be quickly generated. Finally, based on the evaluation processing in Section 2.4, the number of deaths and injuries can be rapidly calculated.
Overall, the SMHG-based method is an e ective and universal method. Although this method can be further improved in terms of data precision and used model, current assessment results have already met the requirements of CEA. Our evaluation results can provide strong support for post-earthquake rescue-related decisions.
Conclusions
A timely and accurate evaluation of people loss is an e ective method for emergency rescue responses in the gold 72 hours after an earthquake. This study proposes a SMHGbased post-earthquake evaluation method of people loss in earthquake emergency responses. In SMHG, exposure data are stored as di erent maps in grid format. Grid format maps are divided into three levels on the basis of evaluation. The hierarchical storage of people loss-related data in grid format can improve data management e ciency. Meanwhile, a spatial information hybrid grid fully consid-ers the uneven distribution of the spatial distribution of exposure data and thus greatly improves the accuracy of the assessment. With SMHG, the statistical results of people loss can be calculated in administrative and grid units. Thus, this study provides a useful basis for disaster emergency rescue responses and emergency evacuation.
Yushu earthquake was selected as a case study to validate the novel method. We used the hybrid grid to manage the people loss-related data. The results showed that the more precision of the grid, the closer the evaluation result near the actual result. Compared with other GIS-based methods, the proposed approach could obtain a more accurate result of people loss. The proposed method could e ectively improve the accuracy of people loss estimation.
